High power pulsed magnetron sputtering has been used to grow thin chromium layers on substrates facing and orthogonal to the target. It is demonstrated that at low peak target current density, j T < 0.6 A/cm 2 corresponding to a low ion-to-neutral flux ratio, films grown on substrates facing the target exhibit in-plane alignment. This is due to the rectangular shape of the target that yields an asymmetry in the off-normal flux of sputtered species. With increasing j T the biaxial alignment degrades, as the major portion of the incoming flux (ions) can be effectively steered by the electric field of the substrate to remove asymmetry imposed by geometrical restrictions. Eventually, at j T = 1.7 A/cm 2 a fiber texture is obtained. For films grown on substrates orthogonal to the target, the large column tilt characteristic for growth at low j T , decreases with increasing ion content in the flux and almost disappears at the highest value of j T .
INTRODUCTION
Thin films prepared by magnetron sputtering often have a fiber texture with pronounced out-of-plane orientation and random in-plane (azimuthal) distribution of crystalline grains. Under some circumstances a biaxial alignment can be obtained, in which case apart from common alignment along the surface normal, crystallites possess an in-plane preferred orientation what makes them similar to single-crystal films [1] . There are two reasons for the biaxial orientation to occur, both relying on lowering the lateral symmetry of incident material flux during growth: ion beam assisted deposition and inclined substrate deposition. In the first case the off-normal ion bombardment restricts the azimuthal distribution, which is believed to result from the fact that grains oriented in a way that facilitates channeling of the ion beam (with open crystallographic planes parallel to the ion beam) have lower sputtering yield and overgrow misaligned grains [2] . In the case of deposition performed on inclined substrates, the off-normal material flux leads to grains with the in-plane orientation resulting in the highest capture crosssection for diffusing ad-atoms [1] .
Apart from bi-axial alignment, films deposited on substrates not facing the target often exhibit pronounced column tilt in the direction of incoming flux. The column tilt angle  (relative to the surface normal) is smaller than the angle defined by the direction of incoming flux (). The effect of column tilt that satisfies < has been observed for Cr films deposited by direct current magnetron sputtering (DCMS) on obliquely-mounted substrates [3, 4] and is believed to result from the conservation of the momentum component parallel to the film surface [5] . Surface 3 diffusion also plays a role such that columns tend to tilt back towards the vapor incident direction. Hence, the so-called "tangent rule" applies [6] that relates both angles through
This empirical relationship holds best for 0°≤ ≤ 60° [7] .
Since bi-axial alignment and column tilt are related to the geometry of the targetsubstrate configuration and the line-of-sight nature of conventional physical vapor deposition (PVD) processing they can not be easily avoided. Alami et al. [8] , however, demonstrated that the column tilt of Ta films on surfaces orthogonal to the target can be eliminated by using high power pulsed magnetron sputtering (HIPIMS or HPPMS) [9, 10] . While films prepared by HIPIMS had columns growing along surface normal, DCMS films showed pronounced column tilt towards the direction of incident material flux. The effect was explained by high ionization of the sputtered flux in the case of HIPIMS. In line with these findings Böhlmark et al. [11] showed that the spatial distribution of material flux during HIPIMS can be steered with an external magnetic field, due to high degree of ionized species in the sputtered material.
The effect of HIPIMS on the occurrence of geometry-induced biaxial alignment has not been addressed. Moreover, a systematic study on the relationship between the relative ion content in the sputtered flux and resulting column tilt is lacking. Therefore, in this work we deposit a series of Cr metal films by HIPIMS to investigate (i) the in-plane alignment caused by the off-normal flux of sputtered species and ii) column tilt in films grown on substrates 4 orthogonal to the target. We show that the Cr ion-to-neutral ratio in the material flux incident upon the substrate is a function of the peak target current density and present the influence of the latter parameter on the development of biaxial texture and column tilt.
EXPERIMENTAL DETAILS
Depositions of Cr films were performed in a CC800/9 coating system manufactured by CemeCon AG in Germany [12] . A single 88×500 mm² rectangular Cr target was used. Films were deposited onto Si(001) substrates cleaned in acetone and isopropanol. The details of the experimental set up are illustrated in Fig. 1 . The sample holder was fixed in front of the sputtering target, in the middle of the target height and symmetrically in between both racetracks. Two films were grown in each deposition sequence, one on the substrate facing the target (sample "A" in the X-Z plane) and one on the substrate tilted by 90° with respect to the surface of the target (sample "B" in the Y-Z plane). No external heating was used and the substrate temperature is estimated to be ≤ 100 °C due to heating from the plasma. The average power was 3 kW and the pulsing frequency was varied from 100 Hz to 1000 Hz resulting in a peak target current density, j T , between 0.1 A/cm 2 and 1.7 A/cm 2 . Since the texture of thin films may be a function of film thickness, special care was taken to keep the latter constant. Thus, lowering of the deposition rate with increasing j T was accounted for by increasing the deposition time 13 .
Cross-sectional electron microscopy investigations were carried out on fractured films using LEO 1550 FEG scanning electron microscope. Pole figures were measured with a Philips X'Pert MRD X-ray diffractometer using point-focused Cu K radiation. For each sample, 5 three pole figures {110}, {200}, and {210} were recorded, in addition the measurement of the background signal in the vicinity of the 110 peak was performed. No lateral variation of polar figure plots was detected on any of the samples. The measurements of the ion flux intensity as a function of the peak target current density were performed in the time-resolved mode with a PSM003 mass spectrometer from Hiden Analytical, UK. The ion energy distribution functions during the active phase of the HIPIMS discharge were measured for Ar + , Ar 2+ , Cr + , and Cr 2+ ions.
The details of the experimental set up, data acquisition, and evaluation procedure is described in detail elsewhere [14] . 
RESULTS AND DISCUSSION

A) Ion-to-neutral ratio as a function of the peak target current density
It has been recognized since the early days of HIPIMS that high peak current densities reaching a few A/cm 2 result in significant ionization of sputter-ejected material flux, that largely exceeds that encountered during DCMS. The intensity of ion flux and energy distribution of constituting ions varies in time in tact with the pulsing frequency of target voltage.
The energy transfer to the growing film surface is highest during the short (100 s) active phase of the discharge (pulse ON) when the vast majority of sputtered particles gets deposited. This is followed by a ms-long period of low intensity plasma when the ion flux to the working piece is well below DCMS standards. In Fig. 2a Fig. 2a ). Already at the lowest value of j T the metallic character of HIPIMS plasma is evident. The flux of Cr + ions is increased with respect to DCMS (2-3 times) whereas the average Ar + flux during the active HIPIMS phase is 50% lower than that of DCMS. The latter can be attributed to severe gas rarefaction commonly observed during HIPIMS [16] . In consequence for j T >0. Interesting to note in the context of metal ion current increasing with increasing the peak target current density is the behavior of the film growth rate that is plotted in Fig. 2b also as a function of j T . When going from 0.1 A/cm 2 up to 1.7 A/cm 2 the flux of film-forming species (neutrals, singly-and doubly-charged Cr ions) decreases approximately three times. Numerous explanations were put forward to account for such loss of rate [17] with back attraction of metal ions being a dominant one in the case of Cr deposition in a CC800/9 coating plant [18] .
Nonetheless, a significant increase in the metal ion flux to the substrate with simultaneous decrease in the material flux imply that the Cr ion-to-neutral ratio must increase several times with increasing peak target current density within the limits studied here. contributes to a non-local heating and shifts the working point to higher homologous temperature.
B) Influence of the ion-to-neutral ratio on samples facing the target
In this way Zone II growth is possible even with no intentional heating. For the film grown at self-bias and under lower ion-to-neutral ratio, the <110> outof-plane oriented grains exhibit a significant degree of biaxial alignment what is best seen in the corresponding {200} pole figures (cf. Fig. 3a) . The two signal maxima aligned along the  = 0°-180° axis indicate preferred in-plane orientation with the upper edge of the cube lined up with the X axis, i.e., perpendicular to the race track. The degree of the in-plane alignment, quantified by the full-width-at-half-maximum (FWHM) of the {200} poles, amounts to  13°. This strong preference can be understood if one takes into account the spatial variations in the intensity of the 11 material flux incident upon the substrate. That is caused by the large target dimensions (50 cm long) and relatively short target-to-substrate distance (5.7 cm) resulting in highly asymmetric off-normal flux of the sputter-ejected species. As the target extends far out along the Z axis (as compared to the X axis) the <110>-oriented crystal grains with the sides of a Cr unit cell (cube) oriented as shown in the insets of Fig. 3 have the largest capture cross-section for the incident material flux and will thus overgrow grains with other in-plane orientations.
The situation is entirely different in the case of samples deposited at j T = 1.7 A/cm 2 and V S = 150 V (Fig. 3b) . Although the <110> out-of-plane orientation is retained, crystallites are randomly distributed in-plane of the substrate (typical fiber texture) as evident from the corresponding {200} pole figure plot. Under these conditions (high ion-to-neutral ratio and high substrate bias) a majority of the material flux arrives at an angle that is close to the surface normal, despite the same geometry of the experimental set-up. This eliminates the factor responsible for the biaxial alignment discussed above for the j T = 0.1 A/cm 2 case, as the capture cross-section for the incoming material flux becomes independent of the in-plane orientation of the <110> out-of-plane oriented grains.
Since the dominating ionization mechanism in the case of HIPIMS plasma is electron impact ionization [20] the original momentum of the sputter-ejected neutrals is conserved in the ionization event. Therefore, in the hypothetical case of no electric fields being present, both neutrals and the corresponding ions (i.e., ions that got sputter-ejected as neutrals from the same portion of the target and become ionized on the way to the substrate) hit the surface at the same incidence angle,  from the surface normal. However, in real life situation, even if no intentional bias is used on the substrate, all ions will get deflected by inherently present potentials and arrive at the angle, , such that    . The effect will be further magnified by the application of substrate bias. The change in the incidence angle of ions with respect to neutrals emitted from the same portion of the race track can be estimated using the fact that only the momentum component along the surface normal (electric field direction) gets modified.
Assuming the colissionless sheath 21 simple geometrical considerations lead to the relationship between angles  and  in the form
where E i denotes the original energy of an ion, q is the ion charge state and V P stands for plasma potential that in the case of HIPIMS is a time-dependent quantity. As the ion energy increases the term under square root in the denominator of Eq. (2) decreases and eventually in the limit of very high ion energy (
) the relation becomes  ≈ , which is intuitively correct. In the case of deposition performed at low j T and self-bias conditions, the material flux is dominated by neutrals that travel along the line of sight between the emitting portion of the target and the substrate. Therefore, the incidence angle  is entirely determined by the geometrical set up and varies here between 22° and 76°. The lower limit corresponds to neutrals sputter-ejected from the portions of the target closest to the substrate that move in the X-Y plane (cf. Fig. 1 ), whereas the upper limit applies to material emitted from the most distant portion of the target and moving in the Y-Z plane (in the direction perpendicular to the plane of Fig. 1 ). In the case of a highly ionized plasma (j T = 1.7 A/cm 2 ) with the average Cr + ion energy during the pulse reaching 28 eV [14] , the ion incidence angle  Cr + calculated using Eq. (2) for V S = 150 V and V P = 0 V, varies from 7° to 21°.
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For doubly charged Cr ions that dominate in the limit of high j T (the average Cr 2+ ion energy of 22 eV [14] ), the incidence angle  Cr 2+ is between 5° and 14°. Note that in real-life situation deflection should be even larger due to V P > 0 V. It is well-known that plasma potential during HIPIMS discharge can temporary reach tenths of Volts. This will of course further affect trajectory of all ions bringing them even closer to the substrate normal. Since in the limit of high j T neutrals constitute a minor portion in the material flux to the substrate (cf. discussion in the previous section and Fig. 2 ) it becomes evident that the off-normal flux is absent as nearly all deposits arrive at an angle smaller than 20°. In consequence, the <110> out-of-plane oriented grains possess random in-plane distribution.
The effect of bias voltage on the in-plane alignment is further illustrated in Fig. 4 where the intensity of the diffracted signal is plotted along the azimuthal coordinate  for different values of V S . Two extreme cases of the lowest (Fig. 4a ) and the highest (Fig. 4b ) peak target current density are shown. As can be seen the best in-plane alignment characterized by the narrow peak at  = 180° is obtained at the self-bias voltage. Even in the case of j T = 1.7 A/cm 2 (cf. black plot in Fig. 4b ) the film possess clear in-plane orientation (FWHM of 24°). The latter is a consequence of the fact that low electric field in the case of self-biased substrate (V S < 10 V during the pulse) has only a minor effect on the trajectory of incoming ions (cf. Eq. (2)).
Therefore, the ion content in the flux plays a minor role for film texture formation. The difference between deposition performed under low and high j T becomes more evident at higher bias voltage, i.e., when the ionized portion of the flux can be steered effectively to arrive close to the surface normal. In general, as V S increases the in-plane alignment degrades. However, the effect is by far more pronounced in the case of j T = 1.7 A/cm 2 where for V S >100 V random distribution 14 results. In contrast, films prepared at j T = 0.1 A/cm 2 thus at the lowest ion-to-neutral ratio, exhibit some degree of preferential in-plane orientation even at V S = 150 V. Clearly, in the later case the ionized fraction is too low to dominate the off-normal flux of neutrals. For completeness, we emphasize that no biaxial alignment was observed for DCMS reference samples prepared under the same process pressure and the average power of 3 kW. This 15 result is explained by the fact that DCMS films possess the <200> texture that makes them insensitive to any non-homogeneities in the sputtered flux, in contrast to the <110>-oriented HIPIMS films. Thus, the role of HIPIMS in obtaining the bi-axially oriented films is primarily an increased energy transfer to the growing film that leads to the <110> texture which, in turn, makes the crystallites sensitive to the geometry of the system. Figure 5 shows a set of fracture cross-section SEM micrographs from films deposited on substrates tilted by 90° degrees from the target normal direction (samples denoted as "B" in Fig. 1 ). Fig. 5a shows the reference DCMS film whereas the rest of micrographs is for samples prepared by HIPIMS at different peak target current density ranging from 0.1 A/cm 2 ( Fig. 5b ) to 1.7 A/cm 2 ( Fig. 5f ). In all cases the bias voltage was 150 V. The inset in Fig. 5a defines the terminology used below. In order to determine the column tilt relative to the substrate plane (X-Y), fracturing was performed parallel and perpendicular to the incoming flux. No column tilt was found in the direction perpendicular to the flux (X-Z plane). Thus, the SEM micrographs shown in Fig. 5 (cross-section in the Y-Z plane) fully reflect the column tilt with respect to the substrate plane.
C) Influence of the ion-to-neutral ratio on inclined samples
In the case of the reference sample prepared by DCMS (Fig. 5a ) columns are highly tilted in the direction of incoming flux. It can also be noted that the resulting film is very porous from inter-columnar voids, resulting from self-shadowing phenomena. In the present experimental set up the flux incidence angle  (cf. Eq. (1)) is not well-defined since the width of 16 the race track is significant with respect to the target-substrate distance. Taking into account the curvature of the race track, and the cosine distribution of the sputtered material flux it can be estimated that  varies effectively between 70° and 78°, thus somewhat outside of the applicability limits of the tangent rule [7] . Nevertheless, in the case of reference DCMS sample the average column tilt is 57° which upon application of the tangent rule (Eq. (1)) yields  = 72°, i.e., in reasonable agreement with the estimates above. The series of SEM micrographs shown in Fig. 5b-f illustrates microstructure evolution for HIPIMS films upon increasing peak target current density, j T . Already at the lowest value of j T = 0.1 A/cm 2 (cf. Fig. 5b ) changes with respect to the DCMS sample are noticeablethe column tilt is reduced from 57° to 50° and the average column width increases. However, the film is still very porous and possesses high surface roughness. As the density of peak target current increases further, the column tilt gradually decreases, the surface flattens out, and voids are closing which make the film denser. Eventually, at the highest j T of 1.7 A/cm 2 (cf. Fig. 5f ) columns grow close to the surface normal and film microstructure is very similar to that obtained on the substrate facing the target. This point is further verified by the plan view SEM images shown in Fig. 6 (substrate tilt angle 0° vs. 90°) that reveal very similar surface topography for both types of samples. Fig. 7 summarizes the column tilt evolution as a function of the peak target current density. It can be noted that it is only the DCMS sample that follows the tangent rule. Otherwise, deviation from Eq. (1) increases with increasing j T . Fig. 6 Plan-view SEM images from films deposited at j T =1.7 A/cm 2 ; a) film on substrate facing the target and b) film on substrate tilted by 90° with respect to the target.
The trends described above are the consequence of changes in the ion-to-neutral ratio with increasing j T . The column tilt decreases with increasing ion-to-neutral ratio, as the direction of the incoming material flux is no longer determined exclusively by the substrate inclination angle. Again, Eq. (2) can be used to calculate the incidence angle for the ionized portion of the material flux impinging on the tilted substrate and, knowing that, the expected column tilt angle can be estimated from the tangent rule. The curves in Fig. 7 denoted as  Cr + and  Cr 2+ represent the expected column tilt angle for Cr + and Cr 2+ ions in case of purely ionic deposition. It can be observed that as j T increases the column tilt angle moves away from the "tangent rule" zone towards the predictions for the ionic deposition. Eventually at j T = 1.7 A/cm 2 the angle  measured from the corresponding SEM micrograph (Fig. 5f ) falls within the limits of ionic deposition indicating that flux to the substrate is highly dominated by ions. This is in agreement with results obtained for films facing the target where the effect of highly-ionized flux was manifested by randomization of the in-plane distribution. One may expect that the ion-toneutral ratio can be even higher on inclined substrates due to lower capture cross-section for neutrals that get deposited along the line of sight to the race track. This may account for the fact that at j T = 1.7 A/cm 2  assumes values predicted for 100% ionization level.
Kuratani et al. [22] reported a decrease (or even a complete elimination) of the column tilt during growth of Cr film with simultaneous irradiation with high-energy normalincident Ar ions. This effect was achieved for Ar + ion energy of 20 keV and Ar + -to-Cr adatom ratio as low as 0.033 and explained by enhanced adatom mobility resulting from collisions with incident Ar ions. Despite the similar final effect of the reduced column tilt the underlying physical mechanisms should be different in the present case considering that our Ar + ions possess significantly lower energy (160 eV) and therefore are not able to induce effects described in
Ref. [22] . In contrast to the work of Kuratani et al. the ion flux during HIPIMS is dominated by film-forming ions what allows for a direct control over the incidence angle, and elimination of the column tilt without the need of an additional ion source. 2+ ions, respectively. The uncertainty in the angle  has a minor effect on these plots (less than 1° for 70°<<78°). The raising trend with increasing j T has to do with the fact that the average ion energy increases at higher peak target current density.
The {110} and {200} pole figures for obliquely-deposited samples are shown in Fig. 8 for different values of j T increasing from 0.1 A/cm 2 ( Fig. 8a ) up to 1.7 A/cm 2 ( Fig. 8d) .
Common for all samples is a certain degree of in-plane alignment. At lower peak target current density, j T = 0.1 -0.2 A/cm 2 deposition on substrates inclined by 90° with respect to the target results in the <111> out-of-plane orientation (cf. Fig. 8a ) with the main crystal axis tilted by 8° in the direction of incoming flux. Note that there is no direct correlation between the column tilt angle ( = 50°) and the preferred grain orientation, rather than that both are consequences of the oblique deposition. The <111> out-of-plane oriented grains are faceted by the fastest growing {100} planes resulting in triangular plan view shape (cf. projected view in Fig. 8a ). For such case, the model presented in Ref. [1] predicts that most favorable in-plane orientation is realized when the angle between the direction of incoming flux and triangle side is either 30° or 90°. As can be seen from Fig. 8a that can in fact be realized at lower values of j T . The mean deviation from the in-plane alignment axis can be derived from the FWHM of the <200> pole pointing towards the incident flux and amounts to  13°. Similar type of bi-axial alignment for <111> outof-plane oriented grains was also observed for reactive sputter deposition of TiN on tilted substrates [23] . With increasing peak target current density (hence the ion-to-neutral ratio), films acquire the <110> out-of-plane texture, characteristic of deposition on substrates facing the target, already at j T = 0.6 A/cm 2 (Fig. 8b) . The <110> crystal axis is tilted away from the direction of incoming flux by 6°, showing again no correlation to the column tilt angle of 32°.
The FWHM of the <200> pole pointing towards the incoming flux increased to  17° indicating slightly worse in-plane alignment than at j T = 0.1 A/cm 2 . The corresponding SEM micrograph indicates that the film is still porous and rough (cf. Fig. 5d) . Thus, the effect of increased ion-toneutral ratio is first seen by the reduced column tilt and changes in the film texture before any modifications in morphology take place. When going to even higher j T of 0.9 A/cm 2 ( Fig. 8c ) the <110> out-of-plane orientation is preserved (with the <110> axis tilted by 16° away from the flux), however, the direction of the preferred in-plane alignment rotates by 90° with respect to the j T = 0.6 A/cm 2 case. In this way the film texture resembles that of the samples facing the target during deposition at lower substrate bias (cf. Fig. 3a) . As the ion content in the deposition flux increases, the tendency for the in-plane alignment gets reduced what is clearly indicated by the broadening of the <200> poles (FWHM of  34°). As could be expected at the highest value of 21 peak target current density, j T = 1.7 A/cm 2 (cf. Fig. 8d ), the in-plane alignment is even less pronounced (FWHM =  42°) and the film texture gets close to that of the corresponding film deposited on substrate facing the target (cf. Fig. 3b ). Finally, Fig. 9 shows photographs taken of two series of samples; a) deposited on substrate facing the target and b) deposited on substrates orthogonally-mounted with respect to the target with different peak target current density. It can be seen that obliquely-deposited films change color as the columns tilt away from surface normal leading to higher surface roughness and increased light scattering. This simple visual inspection may be used for quick qualitative verification of the ionization degree in the sputtered material flux arriving at the substrate. Fig. 9 Photograph showing two sets of samples: a) samples facing the target during deposition and b) corresponding samples grown on substrates tilted by 90° with respect to the target. The peak target current density (hence the ion-to-neutral ratio) decreases from left to right.
CONCLUSIONS
HIPIMS was used to grow chromium thin films on substrates facing and orthogonal to the target. It is shown that with increasing peak target current density, j T , from 0.1 A/cm 2 to 1.7
A/cm 2 the Cr ion-to-neutral ratio in the flux to the substrate greatly increases as a consequence of 23 nearly three-fold increase in the metal ion flux (Cr + and Cr 2+ ) accompanied by a subsequent decrease in the film growth rate by approximately the same factor.
Using the fact that the ion-to-neutral ratio may be steered on purpose by adjusting j T , the influence of the relative ion content in the material flux impinging on the substrate on those aspects of the film growth that are directly related to the geometry of the target-substrate configuration was studied. At low ion-to-neutral ratio films grown on substrates facing the target possess <110> out-of-plane orientation and exhibit high degree of in-plane alignment. The latter is assigned to the presence of the asymmetrical off-normal flux of sputtered species in the direction parallel to the longer side of the rectangular target that favors growth of grains with maximum capture cross section for incoming species. The biaxial alignment somewhat degrades at high bias voltage as the ionic portion of the incoming flux gets affected by the electric field and arrives close to the surface normal. However, the completely random distribution (fiber texture) can only be obtained if the deposition is performed at high peak target current density (and substrate bias larger than 100 V), i.e., under conditions when the incoming flux is dominated by ions.
In the case of films grown on substrates orthogonal to the target the line-of-sight deposition typically leads to film columns tilting in the direction of the incoming flux. Again, similar to the case of the deposition on substrates facing the target, the sufficiently high ionization of sputtered flux leads to the situation where geometrical restrictions, dominant in conventional DCMS, play a minor (or no) roll in determination of film texture and microstructure. The large column tilt characteristic for growth at low j T , decreases with increasing ion content in the flux and almost disappears at the highest value of j T . The later indicates that 24 material flux to the substrate is highly ionized so that deposition takes place along substrate normal despite the high inclination angle. Thus, in the limit of high peak target current density the artifacts of the conventional PVD, resulting from the line-of-sight deposition, are eliminated and the film growth proceeds to large extent independently of substrate orientation.
These results are of particular importance for coatings applied to multi-shaped objects or surfaces that are not facing the target during deposition, e.g., the rake face of the cutting tool that stays perpendicular to the target for the whole deposition sequence.
